The epicardium is a mesothelial cell layer essential for vertebrate heart development and pertinent for cardiac repair post-injury in the adult. The epicardium initially forms from a dynamic precursor structure, the proepicardial organ, from which cells migrate onto the heart surface. During the initial stage of epicardial development crucial epicardial-derived cell lineages are thought to be determined. Here, we define an essential requirement for transcription factor Tcf21 during early stages of epicardial development in Xenopus, and show that depletion of Tcf21 results in a disruption in proepicardial cell specification and failure to form a mature epithelial epicardium. Using a mass spectrometry-based approach we defined Tcf21 interactions and established its association with proteins that function as transcriptional co-repressors. Furthermore, using an in vivo systems-based approach, we identified a panel of previously unreported proepicardial precursor genes that are persistently expressed in the epicardial layer upon Tcf21 depletion, thereby confirming a primary role for Tcf21 in the correct determination of the proepicardial lineage. Collectively, these studies lead us to propose that Tcf21 functions as a transcriptional repressor to regulate proepicardial cell specification and the correct formation of a mature epithelial epicardium.
INTRODUCTION
During embryonic heart development, the formation and mitogenic growth of the heart are sustained through contribution from the epicardium, which is a specialized layer of cells derived from a mesothelial precursor structure, the proepicardial organ (PEO). Subpopulations of epicardial cells undergo epithelial-mesenchymal transition (EMT) and migrate into the sub-epicardial space and myocardium, where they differentiate into interstitial cells, cardiac fibroblasts and smooth muscle cells (reviewed by Lie-Venema et al., 2007; Ratajska et al., 2008; van Wijk et al., 2009; Pérez-Pomares and de la Pompa, 2011; Gittenberger-de Groot et al., 2012; von Gise and Pu, 2012) . Moreover, during cardiac repair post-injury in the adult, epicardial cells reestablish their developmental genetic program, migrate into wounded myocardium and differentiate into the required cell lineages to provide support to regenerating heart tissue (Lepilina et al., 2006; Limana et al., 2007; Winter et al., 2007; Winter et al., 2009; Limana et al., 2010) .
Basic helix-loop-helix (bHLH) transcription factors play crucial roles in cell fate specification and differentiation during organ development, including the heart (Massari and Murre, 2000; Conway et al., 2010) . Transcription factor 21 (Tcf21; also known as Pod1, Epicardin, Capsulin) is expressed in the mesenchyme of developing organs, including the branchial arches, kidney, lung, spleen, gonads and in the PEO and epicardium (Lu et al., 1998; Quaggin et al., 1998; Tamura et al., 2001; Simrick et al., 2005; Serluca, 2008) . Tcf21 mouse mutants display severe developmental defects and die shortly after birth due to pulmonary hyperplasia (Quaggin et al., 1999; Lu et al., 2000) . Moreover, depletion of Tcf21 leads to defects in epithelial differentiation and branching in the kidney and lung, a phenotype that is thought to arise from disrupted epithelial-mesenchymal interactions (Quaggin et al., 1999) . More recently, Tcf21 function has been linked to epicardial EMT and differentiation (Acharya et al., 2012; Braitsch et al., 2012) .
Here, we characterized the morphological, molecular and cellular development of the epicardium in a new vertebrate model, Xenopus. We further define an essential role for Tcf21 in epicardial development and show that, in the absence of Tcf21, epicardial cells fail to form a cohesive polarized sheet and instead are retained in a proepicardial (PE) precursor state. This is in contrast to recent data and thus provides unique insight into the Tcf21-null mouse phenotype, which may result from deleterious epicardial organization at an earlier stage of development. Using a proteomics approach we identify Tcf21 protein interactions, determining that Tcf21 associates with co-factors involved in transcriptional repression including HDAC2, Pbx1 and Ctbp2, the latter two having established requirements in cardiac development. Furthermore, using high-throughput sequencing analysis we define a unique set of nine genes that are expressed in the PEO and are repressed by Tcf21, and observe a persistent and increased expression of these markers in epicardial cells depleted of Tcf21. Altogether, our data demonstrate that Tcf21 functions as a transcriptional repressor to regulate processes of proepicardial specification and epicardial maturation.
MATERIALS AND METHODS

Cell transfection and immunoaffinity purification (IP) of Tcf21 and interaction partners
Human embryonic kidney 293 (HEK293) cells were plated onto two sets of 10×15 cm culture dishes and transfected at 40% confluence with FuGENE 6 (Roche) at a 3:1 ratio, using 20 µg EGFP control plasmid (pEGFP_N1) or Tcf21-EGFP plasmid (EGFP_N1-xlTcf21cds, NP_001085957). Cells were grown to confluence, harvested, frozen in liquid nitrogen and processed as described (Greco et al., 2011; Conlon et al., 2012) . Cell powders were suspended in prechilled optimized lysis buffer [20 mM HEPES-KOH pH 7.4, 0.1 M potassium acetate, 2 mM MgCl 2 , 0.1% Tween 20 (v/v), 1 μM ZnCl 2 , 1 μM CaCl 2 , 0.5% Triton X-100 (v/v), 150 mM NaCl, 4 μg/ml DNase, 1/100 (v/v) Protease Inhibitor Cocktail and 1/100 Phosphatase Inhibitor Cocktail] using 5 ml lysis buffer/g cell powder. Lysates were homogenized, subjected to centrifugation, and supernatants incubated for 1 hour with 7 mg magnetic beads (M270 Epoxy Dynabeads, Invitrogen) conjugated with anti-EGFP antibodies (Cristea et al., 2005) . Proteins were eluted by incubation for 10 minutes (70°C) in 30 µl 1× LDS sample buffer (Invitrogen) containing 1× Reducing Agent (Invitrogen), followed by shaking at room temperature for 10 minutes.
In-solution digestion, mass spectrometry analysis and data processing
Protein IP eluates were prepared as described Greco et al., 2011; Tsai et al., 2012) . Briefly, IP eluates were mixed with 8 M urea in aqueous 0.1 M Tris-HCl pH 8.0, applied to ultrafiltration Vivacon 500 units (Sartorius Stedim), and centrifuged at 14,000 g for 40 minutes at 20°C. Samples were washed, alkylated and digested with trypsin (Promega) overnight at 37°C. Resulting peptides were collected by centrifugation, acidified with trifluoroacetic acid, concentrated by vacuum centrifugation, and desalted using Empore C18 StageTips (Rappsilber et al., 2007; . Peptides were analyzed by nLC-MS/MS using a Dionex Ultimate 3000 RSLC system coupled online to an LTQ-Orbitrap Velos mass spectrometer (ThermoFisher Scientific) Tsai et al., 2012) . Peptides were fragmented by collisioninduced dissociation (CID) and the MS/MS spectra were extracted by Proteome Discoverer (ThermoFisher Scientific) and searched by SEQUEST against a database containing Xenopus, human and mouse UniProt SwissProt sequences, including common contaminants and reversed sequences. Results were validated in Scaffold (Proteome Software) using PeptideProphet and ProteinProphet. Co-isolated proteins were considered as Tcf21-specific interactions if absent or enriched by at least 3-fold compared with controls. Proteins were clustered into functional subgroups according to biological roles based on Gene Ontology (GO) annotations.
RNA extraction and cDNA libraries
Xenopus embryos, injected with ConMO or Tcf21-MO (40 ng), were grown to stage 45. Hearts were collected (n=70-100 per condition) and processed for RNA extraction (1 µg), purified using Sera-Mag magnetic oligo(dT) beads (Thermo Scientific), fragmented to ~300 bp at 70°C for 4 minutes, and cDNA generated (Superscript II, Invitrogen). For Solexa cDNA libraries, 10 ng cDNA was blunted and paired-end adapters (Illumina/Solexa) ligated before purification on AMPure-XP (SPRI) beads (Agencourt). cDNA was amplified (PfuUltra II Fusion HS DNA polymerase, Stratagene), analyzed for purity and fragmentation size using a 2100 Bioanalyzer (Agilent) and sequenced using an Illumina Genome Analyzer II system (High-Throughput Sequencing Facility, UNC).
RNA-seq
To reduce redundancy and isolate high-quality reads, 8879 cDNA sequences annotated as RefSeq sequences in XenBase (Bowes et al., 2008) (May, 01, 2011) were used for expression analysis (http://www.marcottelab.org/ index.php/Xenopus_reference; Taejoon Kwon, Marcotte lab., University of Texas, Austin). Alignments were performed on Bowtie2 v2.0.0.6 (Johns Hopkins University) and normalized for total counts to determine fold change between control and Tcf21-depleted cardiac cDNA datasets (GEO series GSE45786). Secondary screens were based on fold change (see supplementary material Table S3 ) and GO term analysis performed using GOrilla (updated 12/08/2012) (Eden et al., 2007; Eden et al., 2009) (see  supplementary material Tables S1 and S2) and ReviGO (updated 04/02/2012) (Supek et al., 2011) , and validated using RT-PCR from independent biological replicates (supplementary material Table S4, Fig.  S7 ).
Xenopus transgenics
Linearized DNA (CMV:dsRED, NotI; gift from Enrique Amaya, Manchester University, UK) and CAG:KikumeGR (SalI) (Nowotschin and Hadjantonakis, 2009 ) were introduced into Xenopus using trangenesis procedures (Kroll and Amaya, 1996; Mandel et al., 2010) . Fluorescent embryos were sorted and housed until adulthood, when germline transmission was tested. Stage 39-40 CAG:KikumeGR transgenic embryos were placed in low-melting-point agarose (0.8%) in 0.33× Marc's Modified Ringer's (MMR) cooled to room temperature. Embryos were positioned ventral side down on a coverslip-based dish in agarose, submerged in 0.1× Modified Barth's Saline (MBS) containing 0.01% tricaine. Localized bleaching of the septum transversum (ST) was performed using a UV laser (Zeiss 710 confocal, seven cycles, 100 iterations, scan speed 10, excitation 405 nm at 100%). Embryos were excised and recovered in 0.1× MBS before imaging (Leica MZ16F, Retiga 4000RV camera) (supplementary material Fig. S1 ).
Xenopus manipulations
Xenopus embryos were staged according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1967; Brown et al., 2005 ). An EST cDNA IMAGE X. laevis clone (ID 8077326, Open Biosystems) was sequenced and identified as full-length Tcf21 (Simrick et al., 2005) . Two non-overlapping translation-blocking morpholinos (MOs) were designed against the start site of Tcf21 and upstream 5ЈUTR region (Tandon et al., 2012) as determined by RLM-RACE (Invitrogen, Gene Tools) (supplementary material Fig. S3) ; 40 ng Tcf21-MO1 and Tcf21-MO2 were injected at the one-cell stage (Tandon et al., 2012 ) (see supplementary material Table S5 for MO sequences).
In situ hybridization
Whole-mount in situ hybridization (ISH) was carried out as described (Harland, 1991) , the pericardial cavity membrane in late tadpole stage embryos being removed postfixation to improve resolution. Embryos were processed for vibratome sectioning (30 µm) (Gessert and Kühl, 2009 ). The Wt1 probe was kindly provided by Peter Vize (Carroll and Vize, 1996) ; all other probes were generated by PCR (supplementary material Table S6) or reported previously (Brown et al., 2005; Goetz et al., 2006; Langdon et al., 2007) .
Immunohistochemistry
Antibody staining was conducted as reported (Brown et al., 2005; Christine and Conlon, 2008; Mandel et al., 2010; Langdon et al., 2012) (supplementary material Table S7), then incubated in DAPI (200 ng/ml in PBS) and processed for agarose vibratome sectioning (150-200 µm) (Wallingford, 2010) or cryosectioning (10 µm) (Brown et al., 2005) . Images were taken on an Olympus IX 81-ZDC inverted fluorescence microscope or Zeiss LSM710.
Electron microscopy
The pericardial cavity membrane was excised from embryos anaesthetized in 0.1% (w/v) tricaine and transmission (TEM) and scanning (SEM) electron microscopy conducted as reported using a Zeiss EM 910 and a Zeiss Supra 25 FESEM, respectively (Microscope Services Laboratory, UNC) (Brown et al., 2007) .
Live imaging of epicardial explants
Stage 40 embryos were incubated in 0.1× MBS containing 25 µg/ml gentamycin and 0.1% iodine for 2 hours at room temperature, and subsequently maintained in 0.1× MBS containing 0.006% iodine and 25 µg/ml gentamycin. Rat tail collagen I [3 mg/ml collagen I, 40 mM sodium bicarbonate in 1× Dulbecco's Modified Eagle Medium (DMEM) pH 8, on ice] was added at 10 µl per well of a 24-well plate, and allowed to gel at room temperature for 30 minutes. Wells were rinsed with 1× Barth's solution and incubated with Barth's + (70 µg/ml gentamycin, 50 U/ml nystatin, 0.006% iodine and 10% heat-inactivated fetal bovine serum), rocking for 1 hour at room temperature. Hearts were excised from anaesthetized embryos and placed in Barth's on 1% agarose dishes on ice, then placed onto air-dried collagen cushions and allowed to adhere for 20 minutes at room temperature before the addition of Barth's + , then cultured at 23°C in a humidified chamber for 24-48 hours, fixed in 4% paraformaldehyde and processed for immunostaining as described, or visualized on an Olympus IX70. Live images were captured every 30 minutes over a 24-to 48-hour period at room temperature and analyzed
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Development 140 (11) using ImageJ (NIH) and Imaris (Bitplane) software. Double-transgenic embryos (CMV:dsRED, CA:GFP) were used to enable better visualization and cell migration tracking by Imaris software (supplementary material Fig.  S9 ). Two-tailed unpaired non-parametric Mann-Whitney statistical test was used to determine significance (GraphPad Prism 6, JMP).
RESULTS
Conserved epicardial development in Xenopus
To gain new insights into the essential role of the epicardium during development, we turned to a non-mammalian vertebrate model system that is highly effective for modeling cardiac development. Molecular mechanisms of heart development in the frog Xenopus are highly conserved with those of mouse and human (Brown et al., 2003; Gormley and Nascone-Yoder, 2003; Mohun et al., 2003; Brown et al., 2005; Garriock et al., 2005; Goetz et al., 2006; Bartlett et al., 2007; Langdon et al., 2007; Warkman and Krieg, 2007; Bartlett and Weeks, 2008; Afouda and Hoppler, 2009; Evans et al., 2010; Mandel et al., 2010; Kaltenbrun et al., 2011; Langdon et al., 2012) . We have confirmed that, similar to other vertebrates, Xenopus epicardium develops as a specialized layer of cells surrounding the heart and is derived from a mesothelial precursor structure, the PEO, located on the ST (Jahr et al., 2008) . SEM analysis of Xenopus verifies that by late tadpole stages -roughly equivalent to E9.5 in mouse, HH17 in chick and day 20 in human embryonic development -the precursor epicardial structure and epicardium display prominent phenotypic changes as they migrate onto and over the ventricular surface (supplementary material , 2008) . Interestingly, at these stages this region of the Xenopus heart expresses BMP2 (supplementary material Fig. S1K -P), a factor shown to influence correct PEO attachment and migration (Ishii et al., 2010) . At slightly later stages, the PEO bridge is maintained (supplementary material Fig. S1D ) and the epicardium develops as a distinct smooth epithelial-like sheet that gradually progresses over the cobblestone-like cardiac surface (supplementary material Fig. S1C-F) (Jahr et al., 2008) . To confirm that cells of the Xenopus PEO are similar to those of mammals and undergo similar cell movements, we generated transgenic Xenopus embryos ubiquitously expressing the photoconvertible fluorescent protein KikumeGR (Nowotschin and Hadjantonakis, 2009; Griswold et al., 2011; Ridelis et al., 2012) . Photoconversion of cells within the ST and PEO (stage 39/40) confirms that these cells migrate, attach and form an epicardial sheet over the surface of the heart (stage 43, supplementary material Fig. S1G -J).
To determine whether the molecular underpinnings of epicardial development are conserved in Xenopus, we examined expression patterns of the epicardial-associated transcription factors Tbx18 (Kraus et al., 2001; Begemann et al., 2002; Haenig and Kispert, 2004; Jahr et al., 2008 ), Wilm's tumor 1 (Wt1) (Moore et al., 1998; Carmona et al., 2001 ) and Tcf21 (Quaggin et al., 1998; Simrick et al., 2005; Ishii et al., 2007; Serluca, 2008) (Fig. 1) . We observed that all three are evolutionarily conserved in expression with regards to the ST/PEO and epicardium. However, we also note a distinct spatiotemporal discrepancy, with Tbx18 being expressed in the ST first (stage 31-32, Fig. 1A ), followed by Wt1 and Tcf21 (stage 36, Fig. 1E ,F), suggesting a potential hierarchical organization of these genes or subfunctionalization within the PEO, as postulated in mouse and chick (Mikawa and Gourdie, 1996; Braitsch et al., 2012) . Expression of these markers becomes more spatially restricted to the PEO at later stages, prior to migration onto the heart (stage 40, Fig. 1G-L) , with Tcf21 displaying a more confined distribution (Fig. 1H,K) . Thus, the cellular and molecular hallmarks of epicardium formation are conserved from Xenopus to mouse.
Tcf21 is required for epicardial attachment
Since studies have reported that null mutations in Tbx18 have little effect on epicardial development (Bussen et al., 2004; Christoffels et al., 2006) , we sought to establish the function of Wt1 and Tcf21 during this process in Xenopus. Consistent with studies in mouse (Martínez-Estrada et al., 2010; Moore et al., 1999) , depletion of Wt1 in Xenopus, although resulting in severe pericardial edema, did not affect initial PEO outgrowth, migration or formation of the epithelial epicardial sheet (supplementary material Fig. S2 ). By contrast, we observed an essential requirement for Tcf21 in Xenopus epicardium formation. Marker analysis showed that Tcf21 is not essential for the initiation of cardiac mesoderm (supplementary material Fig. S3 ) or PEO specification because Tcf21, Wt1 and Tbx18 expression is detected and maintained in Tcf21-depleted embryos (see Fig. 7S -V; data not shown). Detailed ultrastructural analysis using SEM and TEM confirmed the presence of a PEO in Tcf21-depleted embryos and further indicated that cells from the PEO were able to traverse onto the myocardial surface between stages 41 and 43 (Fig. 2) . Strikingly, at stage 44 the epicardial layer of Tcf21-depleted embryos lacked adhesive connections to the underlying myocardium ( Fig. 2Q-TЈ) and epicardial cells displayed a more rounded, bleb-like morphology as compared with the smooth 2411 RESEARCH ARTICLE Tcf21 and epicardial development epithelial sheet in controls ( Fig. 2I-P; supplementary material Fig.  S1 ). Collectively, these data define a requirement for Tcf21 for correct epicardial layer morphology and the ability of the epicardium to adhere to the myocardial surface of the heart. Tcf21 associates with repressor complex proteins and is phosphorylated at multiple sites Our findings are consistent with an evolutionarily conserved role for Tcf21 in epicardium formation. However, the molecular mechanisms by which Tcf21 acts to regulate transcription are yet to be established. Therefore, we sought to determine the general transcription factor complex proteins that interact with Tcf21. We used immunoaffinity purification (IP) and quantitative mass spectrometry to characterize Tcf21 interactions (Fig. 3A) . Optimization of IP conditions [performed as described Greco et al., 2011; Tsai et al., 2012) ] allowed us to successfully isolate transfected EGFP-tagged Xenopus Tcf21 from HEK293 cells ( Fig. 3B; supplementary material Fig. S4 , Table  S8 ). In the absence of a confirmed cardiac/epicardial cell line, the HEK293 cell line was chosen to perform this screen as it endogenously expresses Tcf21 and is routinely used to study Tcf21 transcriptional activity. Interestingly, epicardial and nephric tissue may share an evolutionary origin and therefore have conserved mechanisms of transcriptional regulation (Pombal et al., 2008 ) (see Discussion). This approach is supported by the observation that the C-terminal EGFP tag on Tcf21 has little or no effect on Tcf21 activity in bioassays (e.g. injection of EGFP-tagged Tcf21 into Xenopus gives the same phenotype as control Tcf21, data not shown).
As expected, among the proteins unique to the Tcf21 isolation versus the control IP was the transcriptional regulator Tcf12 (supplementary material Fig. S4A ), a known Tcf21 heterodimerization partner (Hidai et al., 1998; Lu et al., 1998; Arab et al., 2011) . Interestingly, our results from two biological replicate experiments identified an association of Tcf21 with HDAC2 (supplementary material Fig. S4B-D) , a class I histone deacetylase involved in transcriptional regulation and chromatin remodeling, as well as with the pre-B-cell leukemia transcription factor 1 (Pbx1), which is known to be crucial in cardiovascular development . In addition, C-terminal-binding protein 2 (Ctbp2) was identified, a protein that is involved in BH3-only gene expression, p53-independent apoptosis, as well as cardiac development and transcriptional repression via interaction with the E1A and E-box repressor ZEB (Hildebrand and Soriano, 2002; Zhao et al., 2006; Kovi et al., 2010) . The Ctbp2 interaction with Tcf21 was validated by independent immunoaffinity isolation ( Fig. 3C; supplementary material Fig. S4C ). GO analysis of putative Tcf21 interactions also highlighted proteins involved in DNA repair: RecQl, Lig3 and Msh6 ( Fig. 3E ; supplementary material Table S8 ). All genes isolated were identified in Xenopus cardiac tissue by RNA-seq analysis and hence corroborate a potential conservation of Tcf21 transcriptional regulation and protein interactions (Fig. 3D) .
The IP of Tcf21 further provided an enrichment that allowed the identification of previously unreported post-translational modifications on Tcf21. Within the 59% amino acid sequence coverage obtained, three phosphorylation sites were identified with high confidence on Tcf21 on the serine residues S37, S48 and S67 ( Fig. 3F ; supplementary material Figs S5 and S6). Interestingly, Tcf21 phosphorylation sites were localized within the N-terminal region ( Fig. 3F ; supplementary material Fig. S5A-E, Fig. S6 ) on residues that are evolutionarily conserved across species, implying a functional role for these post-translational modifications.
Identification of unique PE genes
Having established that Tcf21 is required for PEO/epicardium formation and can interact with transcriptional co-repressors, we sought to identify genes downregulated by Tcf21 during epicardial development using high-throughput sequence analysis to determine the cardiac transcriptome in Tcf21-depleted embryos versus controls (stage 45, supplementary material Fig. S1; Fig. 2) . Consistent with our proteomic data we observed a trend whereby the 146 genes that were upregulated at least 1.8-fold (supplementary material Tables S8-S10) were significantly enriched for functions involving extracellular matrix (ECM), cell adhesion and locomotion by GO term analysis (GOrilla), in concurrence with cellular processes known to be involved with epicardium formation (Kálmán et al.,
RESEARCH ARTICLE
Development 140 (11) Table S9 ) and whole-embryo spatiotemporal expression analysis by ISH ( Fig. 4; supplementary material Table S10 ). Candidate genes were selected based on potential roles during epicardial development, cell adhesion, migration or interactions with the ECM. From the 25 genes analyzed by ISH, 15 out of 18 genes from the upregulated dataset showed increased expression throughout the embryo, with 12 genes displaying augmented expression in the PEO and migrating epicardial cells in control and Tcf21-depleted embryos, therefore identifying nine genes as unique markers of the PEO ( Fig. 4A -P,CC,DD; supplementary material Table S10 ). From the downregulated gene set, of the seven genes examined by ISH only one showed expression in the PEO: PDGFRα, a known epicardial marker (Kang et al., 2008) .
A subset of the upregulated genes was analyzed further by ISH at earlier stages to validate them as PE cell markers. At these stages of epicardial development we detected a punctate region of expression using these markers, bearing close resemblance to Tcf21 expression (Fig. 4Q-FF) and therefore clarifying them as markers of PE cells.
Significantly, at both early and later stages of epicardial development (stage 40 PEO attachment and stage 45 epicardial layer formation) we detected an expansion in PE marker expression in the absence of Tcf21 function (Fig. 4) . This suggests that Tcf21 functions within a transcriptional pathway as a repressor to regulate either the transcription of PE genes or the specification of the precursor PE cells at the initial stages of epicardial development. This is in contrast to Tcf21 functioning during later processes of epicardial-derived cell (EPDC) EMT or differentiation, as has been proposed in the mouse model (Acharya et al., 2012; Braitsch et al., 2012) .
Tcf21 is required for epicardial maturation
Our TEM and SEM analysis and transcriptional profiling of Tcf21-depleted cardiac tissue are all consistent with Tcf21 being required for PEO maturation. One of the hallmarks of PE maturation is the transition to a more epithelial character. Consistently, we find that Tcf21 depletion leads to a dramatic increase in the mesenchymal marker vimentin (stage 46; Fig. 5C -DЉ) (Dent et al., 1989; Torpey et al., 1992; Shook and Keller, 2003; Compton et al., 2006; Ramos et al., 2010; Smith et al., 2011) , in line with a failure of Tcf21-depleted cells to undergo epithelialization. We further observe alterations in the 2413 RESEARCH ARTICLE Tcf21 and epicardial development apical-basal polarity of Tcf21-depleted epicardial cells, as visualized by expression of the apical marker atypical protein kinase C ζ (aPKC) (Izumi et al., 1998; Hirose et al., 2006; Ghosh et al., 2008; Munson et al., 2008) (Fig. 5A-BЉ) . Specifically, aPKC is localized along the apical aspect of the epicardium and shows sparse intracellular staining in control epicardial cells. By contrast, Tcf21-depleted cells, while retaining a degree of staining along the apical aspect, also displayed a distinct and dramatic accumulation of aPKC within cell stroma and to some extent in the nuclei (Fig. 5BЈ,BЉ) , which resembles the aPKC distribution in the attached PEO (supplementary material Fig. S8 ). These findings were further verified by laminin staining, which was used to visualize the distribution of this basally localized protein in the fully polarized epicardial sheet on the surface of control myocardium (Fig. 5E-EЉ) . Concomitantly, we observed alterations in this basal membrane marker in Tcf21-depleted hearts, where it displayed discontinuous staining, appearing as accumulated deposits and, in some instances, in sparse contact with the underlying myocardium ( Fig. 5F-FЉ) .
Collectively, these data indicate that Tcf21 is required for the integrity of the polarized epithelial epicardial layer, further corroborating that, in the absence of Tcf21, epicardial cells remain in the mesothelial state associated with migratory precursor PE cells.
Tcf21 depletion leads to retention of the migratory precursor state
The inability of Tcf21-depleted epicardial cells to properly adhere or form a polarized epithelium showed that Tcf21 is required for the initiation of proper epicardial integrity and, ultimately, the formation of a mature epicardium. Our observations in Xenopus (supplementary material Fig. S1B ; Fig. 2A,C) and those from other vertebrate models (Komiyama et al., 1987; Kálmán et al., 1995; Nahirney et al., 2003; Schulte et al., 2007; Jahr et al., 2008; Serluca, 2008; Liu and Stainier, 2010) have identified PE cells as having a rounded clustered morphology that is indicative of mesenchymal characteristics that are functionally linked to their ability to migrate onto the heart surface.
We sought to directly assess the migratory potential of Tcf21-depleted epicardial cells to confirm their precursor PE cell-like phenotype. We developed a novel Xenopus quantitative cardiac explant assay to monitor epicardial cell behavior and allow accurate visualization of epicardial cells. For these studies we generated a new Xenopus transgenic line that ubiquitously expresses stable dsRED, and crossed this line with the transgenic line cardiac actin:GFP (Latinkić et al., 2002) , from which double-transgenic hearts were excised at the stage when we first observed the epicardial defect in Tcf21-depleted embryos ( Fig. 6 ; supplementary material Fig. S9 ). Explants were cultured on a collagen gel matrix, allowing epicardial cells to migrate off the ventricular surface. Migrating epicardial cells were analyzed for cell trajectory, cell velocity and distance traveled over a 48-hour period. From these analyses, we observed a dramatic increase in the migratory speed of Tcf21-depleted epicardial cells relative to controls (n=1382 control cells versus n=3329 Tcf21-depleted cells, three independent experiments, P<0.0001). Moreover, Tcf21-depleted epicardial cells were able to migrate a greater distance (n=29 control hearts versus n=28 Tcf21-depleted hearts, three independent experiments, P<0.0001) and showed an enrichment in F-actin stress fibers near the heart, which is indicative of a more migratory state ( Fig. 6 ; supplementary material Movies 1 and 2, Fig. S10 ). However, epicardial cells derived from control and Tcf21-depleted embryos were indistinguishable in their cellular trajectory. Thus, Tcf21 is required for the molecular and cellular events associated with PE cell maturation.
Tcf21 is required for proepicardial specification
Our data thus far have implied that Tcf21 depletion results in increased detection of PE cell markers on the heart surface as well as
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Development 140 (11) epicardial cells that are more rounded, more migratory and exhibit little resemblance to the polarized epithelial epicardial layer that we observe in control embryos. These characteristics are all reminiscent of the precursor PE cells as they initially migrate onto the surface of the heart. To assess whether Tcf21 is involved in the retention or increased specification of PE cells we assessed additional known markers of the PEO. LIM homeobox 9 (Lhx9) and Integrin alpha 4 (Itga4) have both been associated with epicardial development, interestingly with Lhx9 expression being specifically downregulated as the epicardial layer matures (Pinco et al., 2001; Dettman et al., 2003; Kirschner et al., 2006; Smagulova et al., 2008) . Both Lhx9 and
Itga4 were found to be upregulated in our high-throughput sequence analysis of the Tcf21-depleted cardiac transcriptome as compared with controls (3.77-fold and 2.79-fold, respectively), and wholeembryo ISH showed increased expression specifically in the area of PEO attachment to the heart in Tcf21-depleted embryos, suggesting an increased PE cell specification (Fig. 7G-JЈ) . This was corroborated with cytokeratin staining, a marker of intermediate filaments and cells of the PEO (Vrancken Peeters et al., 1995) , which was visualized in a punctate manner in the precursor PEO structure but found to be maintained in Tcf21-depleted epicardial cells migrating onto the heart surface, although only detected in the attached PEO cells in controls ( Fig. 7A-Fٞ) . These findings corroborate that migrating Tcf21-depleted epicardial cells retain a PEO-like state.
Since it is possible to analyze the spatiotemporal expression of Tcf21 RNA in embryos depleted of Tcf21 protein by translationblocking MOs, we further validated the role of Tcf21 in promoting epicardial maturation. In control embryos during epicardial development, Tcf21 expression was undetectable as epicardial cells migrated over the heart surface from the attached PEO to 2415 RESEARCH ARTICLE Tcf21 and epicardial development F) A significantly increased rate of epicardial cell migration (E) and total cell outgrowth (F) in a 48-hour culture period was observed in Tcf21-depleted as compared with control embryos. ****P<0.0001, two-tailed unpaired non-parametric MannWhitney test. Mean ± s.d. from a total of three independent experiments with the number of (E) migrating cells from 27 control and 34 Tcf21-depleted explants or (F) hearts assayed indicated in parentheses. epic, epicardial cells; oft, outflow tract; ven, ventricle. Scale bar: 200 μm. form the mature epithelial epicardial layer (as indicated by Tbx18 expression, Fig. 7K-N) , while being retained in the attached precursor structure, suggesting that Tcf21, like Lhx9, is a marker of the precursor PEO structure (Fig. 7O,Q) . Similarly, Tcf21, as detected by ISH, appeared to decrease as the epicardial layer matures in mouse from E11.5-E15.5 (Acharya et al., 2012) . Strikingly, in Tcf21-depleted embryos, Tcf21 expression was more evident as epicardial cells covered the ventricular surface (Fig. 7P,R) . These data strongly suggest that, in the absence of Tcf21, PEO cells maintain their immature characteristics as they migrate over the heart. Furthermore, the fact that Tcf21-depleted epicardial cells are unable to mature into an epicardial layer implies that Tcf21 has a role in restricting the specification of proepicardial cells. Moreover, and consistent with the expansion or duplication of the PEO region of expression at earlier stages ( Fig. 4Q-FF; Fig. 7S-V) , we observed a statistically higher number of migrating epicardial cells from Tcf21-depleted hearts versus controls ( Fig. 6E; Fig. 7W ), which is indicative of an increased number of precursor cells. This increase was not due to an increase in the mitotic index as judged by phospho-Histone H3 staining (Fig. 7X-YЉ) .
The data presented here therefore show an increased number of proepicardial-like cells on the heart surface in Tcf21-depleted embryos, as identified by previously known and novel PEO genes identified in this study, and thus imply a role for Tcf21 in regulating, most likely restricting, the specification of the PEO at earlier stages of epicardial development (Fig. 8) .
DISCUSSION
This study has characterized in detail the dynamic transformations that are involved during the formation of the crucially important epicardial cell layer. This structure forms from a source of
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Development 140 (11) The increased number of DAPI-stained nuclei in Tcf21-depleted explants, compared with controls, is not due to an increase in proliferation as shown by the absence of phospho-Histone H3 staining. a, atrium; oft, outflow tract; peo, proepicardium; v, ventricle. Scale bars: 50 μm in A; 10 μm in CЈ; 500 μm in K; 100 μm in M; 2 mm in G,S; 1 mm in GЈ,X.
pluripotent precursor cells, the PEO, which our work in Xenopus has demonstrated to be a highly dynamic structure during its maturation into the epicardium. The cellular changes associated with maturation involve a transition between a migratory mesothelial-like PE cell to a more mature polarized and adherent epithelial epicardial sheet. To better understand these processes we have investigated the transcriptional regulation of epicardium formation. Our cellular, biochemical and molecular data are all consistent with a role for Tcf21 in PE specification and maturation.
Tcf21 and epicardial cell fate
Fate mapping of the epicardium has demonstrated that it can give rise to cardiac fibroblasts and smooth muscle cells (Vrancken Peeters et al., 1999; Olivey et al., 2006; Acharya et al., 2011; Kikuchi et al., 2011; Acharya et al., 2012; Braitsch et al., 2012) . Recent reports using the mouse model implied a role for Tcf21 in cell fate decisions, demonstrating a requirement for Tcf21 in the cardiac fibroblast lineage (Acharya et al., 2012; Braitsch et al., 2012) . Consistent with our findings, both groups showed a morphological defect in epicardial integrity in the absence of Tcf21. However, dissimilar theories were put forward to explain the preferential loss of the cardiac fibroblast lineage, with the absence being attributed to either a defect in epicardial EMT (Acharya et al., 2012) or a premature differentiation of epicardial cells into smooth muscle at the heart surface (Braitsch et al., 2012) . Based on our cellular, biochemical and molecular findings we favor an alternative model by which Tcf21 plays an earlier role in the correct specification of PE cells. In this model, in the absence of Tcf21 function, epicardial cell number is increased, an observation that bares resemblance to the findings in mouse of an increased number of Tcf21-null lineage-traced epicardial cells (Acharya et al., 2012) , as well as an increase in rounded cell condensates surrounding the uteric bud in Tcf21-null mice (Quaggin et al., 1999; Cui et al., 2003) , suggesting a conserved mechanism between the tissues. Furthermore, the Tcf21-depleted cells remain in an immature precursor state, which is reflected by the cells exhibiting a more PE-like and migratory state. As such, Tcf21-depleted epicardial cells fail to attain complete contact with, or to adhere to, the surface of the heart. This in turn leads to a failure of Tcf21-depleted cells to receive the necessary instructive signals to invade the myocardium and to fully differentiate into respective terminal cardiac cell types, including cardiac fibroblasts.
In addition, although the depth of analysis provided in the mouse models was extensive, we are cautious that markers of smooth muscle, primarily actin-binding proteins, have also been identified in other cardiac populations and migratory mesenchymal cell types (Tarin and Sturdee, 1971; Li et al., 1996; Miano and Olson, 1996; Nakajima et al., 1997; Langlois et al., 2010; Thompson et al., 2012) , which could include the precursor PE cells. Our data therefore highlight a unique earlier mechanism whereby precursor epicardial cell specification is coordinated by Tcf21, with its depletion resulting in the phenotypes described in both Xenopus and mouse and leading ultimately to the later observed deficiencies in EPDC lineages.
Tcf21 interactions with transcriptional regulatory proteins
Transcriptional assays and electrophoretic mobility shift assays have shown Tcf21 to have transcriptional activity, both activating and repressive, in a number of in vitro systems (Hidai et al., 1998; Miyagishi et al., 2000; Funato et al., 2003; Cui et al., 2005; Hong et al., 2005; Plotkin and Mudunuri, 2008) . However, only three potential direct transcriptional targets of Tcf21 have been reported, namely the genes encoding Muscle creatine kinase, Androgen receptor and Kisspeptin-1 (Kiss1) (Funato et al., 2003; Hong et al., 2005; Arab et al., 2011) . Interestingly, Tcf21 silencing and its effects on Kiss1 transcription have been linked to cancer cell metastasis and increased cell migration (Arab et al., 2011) . Our mass spectrometry experiments confirmed the interaction of Tcf21 with Tcf12, a known class I bHLH heterodimeric partner of Tcf21 (Hidai et al., 1998; Lu et al., 1998; Arab et al., 2011 ) that has been implicated in cancer metastasis and the maintenance of pluripotency (Uittenbogaard and Chiaramello, 2002; Lee et al., 2012) . Interestingly, our results also reveal interactions with HDAC2, Pbx1 and Ctbp2, suggesting that Tcf21 can act as a transcriptional repressor by functioning to locally remodel chromatin. The finding that HDAC2 associates with Tcf21 might indicate that Tcf21 can interact with HDAC-containing complexes in a context-dependent manner (Zupkovitz et al., 2006; Dovey et al., 2010; Kurosawa et al., 2010; Jurkin et al., 2011) . Additionally, our data show an association of Tcf21 with Pbx1 and Ctbp2, two proteins with an established role in heart development and disease (Katsanis and Fisher, 1998; Hildebrand and Soriano, 2002; Chinnadurai, 2003; Chang et al., 2008; Stankunas et al., 2008; Arrington et al., 2012) . Moreover, Pbx1, which encodes a homeodomain transcription factor, has been demonstrated to genetically interact with Tcf21 to control spleen development (Brendolan et al., 2005) and, in complex with the bHLH transcription factor Tcf3, has been implicated in acute lymphoblastic leukemia (McWhirter et al., 1997; Waurzyniak et al., 1998; Knoepfler et al., 1999) . Thus, our data suggest that a common set of Tcf21-interacting proteins might function in a broad set of developmental processes and disease states.
Proepicardial specification and competence to differentiate An understanding of the mechanisms that govern the specification of the PEO is of increasing importance with regards to epicardial cell pluripotency and their ability to repopulate and repair an infarcted adult heart. Given the paucity in known epicardial genes and useful epicardial-specific enhancers, and the lack of Tcf21 In control embryos, PE cells migrate onto the heart surface and mature into the epithelial-like epicardium (top panel). In the absence of Tcf21, PE cell numbers are increased and these cells retain their precursor cell characteristics upon migration onto the heart (bottom panel).
transcriptional targets (direct or non-direct) in the epicardium, it is interesting to speculate about the potential role of the nine genetic markers of the proepicardial lineage identified in our study. Compellingly, these genes have previously been ascribed roles in modulating ECM remodeling, cell adhesion, migration and epithelial-mesenchymal interactions, and frequently in the context of human malignancies and diseases, including Alzheimer's, Noonan syndrome and cardiovascular disorders (Jones and Jomary, 2002; Ny et al., 2002; Lin et al., 2005; Plaisier et al., 2005; Lin et al., 2006; Hu et al., 2007; Wei et al., 2009; Lee et al., 2010; Mehta and Parker, 2010; Fan et al., 2011; Tsai et al., 2011) . Furthermore, with current data showing that differential transcriptional competency within the PEO can give rise to various EPDC populations (Mikawa and Gourdie, 1996; Männer, 1999; Jenkins et al., 2005; Guadix et al., 2006; Smith et al., 2011; Acharya et al., 2012; Katz et al., 2012) and recent findings that adult resident cardiac stem cells have a PEO origin (Chong et al., 2011) , further investigation into the function of these genes during epicardium formation might provide a better understanding of their roles during normal cardiac development and human disease.
